In the paper some unusual processes are considered during quenching such as self-regulated thermal process when metallic probe is covered by insulating polymeric layer, oscillation of temperature in surface layers of probe, creation a "shoulder" when quenching in polymer solution, possibility to perform austempering process just in cold liquids. Above mentioned processes build a basis for the new intensive quenching technologies and can bring a great benefit for heat treating industry when further carefully investigated. It is shown that initial temperature gradients, which cannot be governed by classical law of Fourier, can be tested by Liscic/Petrofer probe, etc. The paper discusses how organize such international investigation to satisfy contemporary practical needs and solve unsolved problems of science in the field of quenching. Also, the results of investigations can be used for software designing and cooling recipes development during quenching steel parts in liquid media. It makes a great progress because at preset time only cooling curves and cooling rates are available that are used for comparable purpose and cannot be used for recipes development.
Introduction
For the first time Liscic/Nanmac probe and intensive quenching processes were discussed together at the international conference on Heat Treating Processes held in Kiev in 1988. Prof. Liscic introduced to the audience his Liscic/Nanmac probe with three tiny thermocouples which were instrumented on the surface of 50 mm probe made of AISI 304 stainless steel, at the distance 1.5 mm below surface and in the center of probe which was 200 mm long. The probe was produced in collaboration with the American company Nanmac Corp., Holliston, MA [1] . Investigators dealing with intensive quenching processes were exited by Liscic/Nanmac probe since they realized that the probe was an excellent tool for careful IQ processes investigations. At present time similar Liscic/Petrofer probe is available [2] . The matter is that alloy and high alloy steels are quenched in oils without interruption the cooling process. Furthermore, research institutes and universities are developing new expensive alloy steels to be slowly quenched in oils to prevent crack formation and decrease distortion.
Due to enthusiastic work of two companies IQ Technologies Inc., Akron, USA and Intensive Technologies Ltd, Kyiv, Ukraine, it has been established and introduced into the practice the next three main achievements of intensive quenching phenomena which are [3] :
-an Intensive Quenching (IQ) reduces significantly distortion and prevents crack formation during hardening of steels;
-decreasing alloy elements in steel increases service life of steel components when they are intensively quenched;
-alloy and high alloy steel can be intensively quenched by plain water or water solution of optimal concentration if cooling is interrupted at proper time.
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Due to these discoveries, situation in heat treating industry cardinally changed. Standard Inconel 600 probe is not more useful for controlling and maintaining quality of IQ processes [3] [4] [5] [6] [7] . The most suitable, at present time, is Liscic/Petrofer probe [2] which has to be widely used in heat treating industry. The aim of the current investigation is to show the possibility of using Liscic/Petrofer probe for liquid quenchants database development and accurate experimental review of discovered self-regulated thermal processes.
Conventional quenching versus IQ-2 and IQ-3 processes
As known, alloy and high alloy steels are quenched in oils or high concentration of polymers to prevent crack formation and distortion. As a rule, cooling in oils continues to bath temperature that is why heat transfer coefficients are not a big problem and standard Inconel 600 probe is a good tool to obtain cooling characteristics for maintaining oils within the specks quality [4] . Low distortion and elimination crack formation can be achieved by applying intensive quenching too [3] . The matter is that during intensive quenching, a martensitic structure forms quickly and uniformly in the part surface layer creating high current surface compressive stresses which act as a die minimizing part distortion and preventing part cracking [3] .
Two IQ processes are currently used in heat treating practice: a batch IQ process and a single-part processing IQ method. When using the batch IQ process, known as IQ-2 method, parts are quenched in batches in IQ water tanks. When using the single-part processing IQ technique (known as IQ-3 method), parts are quenched one by one in high-velocity IQ units. Note that the IQ-2 process is a two-or three-step quenching method. The first step of cooling takes place in agitated water solution and is interrupted at a certain moment of time when the core of the parts being quenched is still hot. The parts are then cooled in the air during the second step of quenching. The part's martensitic layer is self-tempered by the heat coming from the part core. If necessary, the load can be brought back into the quench tank for the completion of the quench. This technology needs special recipes development where heat transfer coefficients are used to calculate correctly time of interruption. The essence of IQ-3 process consists in interruption intensive cooling when at the surface of steel parts maximal compressive stresses appear and optimal quenched layer is formed. To investigate properly both intensive quenching processes, Liscic/Petrofer probes can be successfully used.
Austempering process in cold liquids
In this paragraph an austempering process in cold liquids, developed in Ukraine, is considered [8, 9] . The idea is very simple and understandable. When quenching in optimized cold liquid, surface temperature of steel part drops immediately close to saturation temperature ( Table 1) and maintains at this level relatively a long time until transient nucleate boiling process is finished [3, 10] . The reason of such behavior is inequity nb conv α >> α and is called self-regulated thermal process [10] . The duration of self-regulated thermal process is calculated from the equation (1) [11] :
Here nb τ is duration of transient nucleate boiling process in sec; Ω is parameter depending on Biot number during convection when initial austenitizing temperature is fixed at 850 o C; F k is form coefficient; D is size of steel part in m; a is thermal diffusivity of a material in m 2 /s. The essence of austempering process consists in interruption of cooling at the end of boiling mode and immediate transferring product to tempering at the temperature T sf >M S . Also, during transient nucleate boiling process T sf >M S . There are three major approaches allowing fulfilling austempering in cold liquids:
-use high concentration of water solution to increase boiling point to martensite start temperature M S ;
-use pressure to increase boiling point of water to martensite start temperature M S ; -use polymer of inverse solubility which creates insulating layer on the surface of steel parts and maintains surface temperature at the end of nucleate boiling at the level T sf >M S .
The most simple and reliable austempering process in cold liquid is the third approach. Its disadvantage is decreasing cooling rate during nucleate boiling due to surface insulating layer.
When film boiling is absent, surface temperature of steel parts drops almost to boiling point of liquid ( Table 1) . 
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As seen from Fig. 1 , Liscic/Petrofer probe depicted very unusual behavior of temperature in surface layer of the probe when quenching in polymer solution [2] . Initially temperature in this area drops smoothly to 500 o C and then creates a "shoulder" where temperature maintains at the level approximately at 450 o C. More information is provided in Table 2 . Moreover, temperature within the created "shoulder" oscillates extensively at the beginning of it and oscillation stops at the end of "shoulder" [2] . Author [2] didn't explain such interesting behavior. It can be explained by self-regulated thermal process taking place during transient nucleate boiling mode [10, 11] . The matter is that during quenching in water solution of polymers on the surface of steel parts or probes a polymeric coating is formed as shown in Fig. 2 . Transient nucleate boiling process in this case takes place on the surface of the coating. Since polymeric water solution is agitated, the thickness of the coating varies versus time. As known, cooling rate depends on thickness of the coating and thermal conductivity of polymer and can be calculated using equation (2):
Here v is cooling rate in o C/s; Kn is Kondratjev number; a is thermal diffusivity in m 2 /s; δ is thickness of insulating layer; R is radius in m; λ is thermal conductivity of metal in W/mK; coat λ is thermal conductivity of coating in W/mK; K is Kondratjev form coefficient in m 2 ; T is current temperature; T m is bath temperature.
Varying a thickness of the polymeric coating is a reason for temperature oscillation. Author [13, 14] investigated effect of polymeric coatings on initial heat flux density and temperature fields within the metallic section of the probe. Polymeric coating decreases initial heat flux density and by this way eliminates film boiling [14] . Also, as it was shown by author [14] , coating increases the surface temperature of the probe during self-regulated thermal process and by this way delays martensitic transformation during transient nucleate boiling process (Fig. 2) . Such unusual behavior can be used to perform austempering processes just using cold liquids [8] . It should be also noted that coating decreases temperature gradient between the core and surface metallic layer approaching the cooling in oils. For example, during quenching in oil (Fig. 1, a) ) at a time 60 seconds temperature difference between surface and core is 100 o C when at a distance 1 mm from the surface temperature is 400 o C. The same difference is observed during quenching in water polymer solution (Fig. 1, b) ). Thickness of the polymeric layer is controlled by concentration of polymer in water. The above consideration shows that the great possibilities of polymers are not explored for 100 % yet. Further investigations are needed which can be performed using Liscic/ Petrofer probe.
The summarizing differences between standard Inconel 600 and Liscic/Petrofer probes are provided in Table 3 . Table 3 shows that along with Inconel 600 probe the Liscic/Petrofer probe should be used for testing liquid quenchants. Due to small diameter, the initial heat flux density during immersion the Inconel 600 probe into cold liquid is almost four times larger as compared with the Liscic/ Petrofer probe resulting in different kinds of film boiling.
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In many cases film boiling is absent that allows generalization of experimental data.
Film boiling, especially local film boiling, is undesirable since it is a reason for big distortion and non-uniform surface hardness.
It is impossible to investigate accurately initial processes taking place during immersion steel parts into liquid quenchant.
Provides initial temperature gradients during immersion probe into liquid quenchant.
The initial phase of cooling in liquid quenchants is the most important since it dictates the future history of cooling.
Many big companies provide cooling curves and cooling rates of standard probe obtained during its testing in their liquid quenchants. It is nothing to do with such data since in many cases they are far from real steel parts quenching.
In average it provides realistic data taking place during quenching in liquid quenchants.
Based on Liscic/Petrofer probes, it is possible to modify correlation between duration of transient nucleate boiling process and size, form and thermal properties of solid material and liquid.
Due to simple approach in cooling curves and cooling rate obtaining, it looks like customers save time and money when using standard Inconel 600 probe.
Due to more complicated approach, when testing Liscic/Petrofer probe, it looks like customers need to invest some additional money for testing real processes.
In fact, customers don't use 100 % possibilities of their quenchants and sometimes are losing money and effectiveness.
It is impossible to investigate fundamental initial processes during quenching of steel parts heated to high temperatures.
It is possible to investigate fundamental initial processes during immersion of steel parts into liquid quenchants.
Classical heat conductivity law of Fourier doesn't work properly during immersion of heated to high temperature steel parts into liquid quenchant.
There are nowadays in the world several thousands of small standard Inconel 600 probes in use.
There is only one place (the company PETROFER) which has the Liscic/ Petrofer probe and uses it for own experiments.
Unfortunately, it is impossible to investigate self-regulated thermal process using standard Inconel 600 probe.
Standard Inconel 600 probe (12.5 mm in diameter and 60 mm long) is useful for laboratory tests of different oils or polymer solutions to compare their cooling ability, when testing a new delivery or developing a new sort of quenchants, as well as for monitoring of a quenching bath in respect of its deterioration.
The experimental data obtained by Liscic/Petrofer probe are nearer to industrial processes.
The probe of small diameter generates more easily film boiling due to higher initial heat flux density. As a result, the heat extraction dynamic from this small Inconel 600 probe (surface heat flux) is totally different from those at quenching real parts.
No information on temperature field through the section of a probe.
Ability to measure and record the quenching intensity of all different kinds of liquid quenching media (including salt-baths at elevated temperatures), in different quenching conditions and at different quenching techniques (conventional quenching, intensive quenching, delayed quenching, martempering and austempering).
The Inconel 600 probe cannot be used for investigating martempering and austempering processes.
Material Science a b Fig. 2 . Section of a coated cylindrical probe and typical temperature distribution during quenching in polymer water solution [14] : a is section of a cylinder; b is temperature distribution in cylinder; 1 -heated metal, 2 -coating, 3 -temperature gradient in metal, 4 -temperature gradient in polymeric surface layer
Fundamentals to be widely and carefully investigated during initial process of quenching
It is generally assumed that during quenching of heated to 800-1000 o C steel parts, the three heat transfer modes always take place: film boiling, nucleate boiling and convection. This belief is based on classical Fourier's law which predicts an infinity heat flux density during immersion heated to high temperatures steel parts into the cold liquid. In fact, initial stage of quenching is governed by the modified Fourier law [15] which is written as:
Here q is heat flux density in W/m 2 ; λ is thermal conductivity in W/mK; T ∇ is temperature gradient; r τ is constant of a time in sec; T is temperature in o C or K. The modified Fourier law generates hyperbolic heat conductivity differential equation which was widely considered and solved by authors [16] [17] [18] [19] . According to hyperbolic equation, initial heat flux density is finite value which can be less than the first critical heat flux density and that means absence of film boiling at all. This is a theoretical conclusion. Practically, prior to start boiling process in cold liquids, a boundary layer heated to saturation temperature must be formed first. During this short time of forming boundary layer the surface temperature of probe or steel part drops immediately almost to saturation temperature and then maintains relatively a long time at this level. Experimental evidences of such phenomena were provided by French in 1928 ( Table 1) .
Discussion
Contemporary hardening processes require optimization liquid coolants to eliminate completely local and full film boiling processes. Optimization goes through maximizing critical heat flux densities. It means that DATABASE concerning different kinds of quenchants should include critical heat flux densities as the characteristics of a liquid. Further heat transfer coefficients should be evaluated depending on forms and sizes of steel parts. For this purpose Liscic/Petrofer probes of different sizes and forms should be prepared which is rather costly procedure. To fulfill such important task for the practice, the big companies should be as sponsors which are greatly interested in such DATABASE. To make simplified calculations, the DATABASE should provide Kondratjev numbers Kn as shown in Fig. 3 . More information on DATABASE development and testing liquid quenchants, one can find in publication [19, 20] . Cooling characteristics of polymers are discussed in Refs [21, 22] . It should be noted that experimental data obtained by testing Liscic/Petrofer probe provide accurate results of calculations during solving inverse problem which is currently highly developed and used in practice [23, 24] . Along with the database development, the Liscic/Petrofer probe can be used by engineers to investigate deeply and widely self -regulated thermal phenomenon which is the basis for performing austempering processes in cold liquids. This new direction in heat treating industry is very promising and can bring exceptionally benefits to big companies in the world which is currently first patented in Ukraine [8] . Authors hope that many scientists in the world will be interested in investigation theoretically and experimentally the discovered self-regulated thermal process. It makes sense to start such investigations via the EC projects to involve big companies in Europe.
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Conclusions
1. During quenching in water polymer solution the self-regulated thermal process on the coated surface is observed resulting in creation a temperature "shoulder" in the surface layers of a probe or quenched steel parts.
2. When carefully investigated, the polymers can be used to perform austempering processes with the use of cold polymeric solutions.
3. Oscillation of temperature in surface layers during quenching in polymers is explained by varying the thickness of a coating.
4. Insulating coating on the surface of probe or steel part increases metallic surface temperature of steel part or probe delaying martensite transformation during transient nucleate boiling process.
5. Liscic/ Petrofer probe is an excellent tool for investigation listed in 1-4 processes and can be used for testing the modified heat conductivity law of Fourier.
6. Liscic/Petrofer probe can be used also by engineers to investigate deeply and widely mentioned self-regulated thermal phenomenon during quenching in water and water salt solutions which is the basis for performing austempering processes in cold liquids.
